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• History of Neutrino Physics
- how did we learn what we know today?
- from saving energy conservation to discovering physics 
beyond the Standard Model

Text



Karsten Heeger, Univ. of Wisconsin NUSS, July 10, 2009 

• History of Neutrino Physics
- how did we learn what we know today?
- from saving energy conservation to discovering physics 
beyond the Standard Model

Text
• Historical Lessons

- how did we make the discoveries? 



Karsten Heeger, Univ. of Wisconsin NUSS, July 10, 2009 

• History of Neutrino Physics
- how did we learn what we know today?
- from saving energy conservation to discovering physics 
beyond the Standard Model

Text
• Historical Lessons

- how did we make the discoveries? 

• Future Efforts
- from discoveries to precision studies, 
picking the best tools at hand 
- where will neutrino physics go in the future?
- neutrinos in particle/astrophysics?
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A disclaimer

History of neutrino physics in ~1 hr? 

I will be selective. Apologies to all experiments and 
results I cannot show.

I will draw heavily on my own personal experience 
(SNO, KamLAND, reactor neutrinos, 0νββ )
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History of Neutrino Physics 
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N → Nʼ + e-    some nuclei 
emit electrons!

1914 Chadwick

Bohr: “At the present stage of atomic theory, however, we may
say that we have no argument, either empirical or theoretical,
for upholding the energy principle in the case of β-ray
disintegrations”.

Continous Beta-Decay Spectrum
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Wolfgang Pauli

Pauli proposed that an undetectable particle shared the energy of beta 
decay with the emitted electron.

Postulate of the Neutrino

1930
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“I have done something very bad today by proposing a 
particle that cannot be detected; it is something that no 
theorist should ever do.”

- Wolfgang Pauli
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Fermiʼs Theory of beta decay 
based on Pauliʼs Letter of 
Regrets

Mnc
2 ≠ Ep + Ee

Mnc
2 = Ep + Ee + Eν

Consistency requires that Eν is not observable! 

Enrico Fermi
Univ. of Chicago

Fermiʼs theory still stands (parity violation added in the 50s).

Fermiʼs Theory of Beta Decay

Experiment: 

Conjecture: 

1933
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Fermiʼs Idea for Measuring mν
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Weak Interactions in the Standard Model

The weak gauge bosons W± act on left-handed doublets 
(charged-current interaction) 

β-decay

Since mw=80.4 GeV >> mp decay is governed by Fermi coupling GF

Fermi coupling 

 
 
 
 g2= W gauge coupling
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Crossing Symmetry
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First Proposal For Direct Detection of Neutrino
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ν

First Antineutrino Detector
Reines and Cowan 1956

µ

ν

νe + p → e+ + n
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Enrico Fermi and the Neutrino

Enrico Fermi proposes "neutrino" 
as the name for Pauli's postulated 
particle. 

He formulates a quantitative 
theory of weak particle 
interactions in which the neutrino 
plays an integral part.
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Reines-Cowan Announcement

1956
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1959 The Savannah River Detector -  A new design

Observation of the Free Antineutrino

positron annihilation n capture

inverse beta decay
νe + p → e+ + n

Second version of 
Reinesʼ experiment 
worked! 
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Reines-Cowan Experiment
coincidence event signature event signal

electric noise cosmic ray

cosmic ray cosmic ray
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Early Neutrino Oscillation Searches

New neutrino physics such as oscillations?  
In 1960’s Pontecorvo contemplates ν - ν oscillation and suggests 
that if lepton number is not conserved νe could change into νµ.
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Early Reactor ν Experiments
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Early Neutrino Oscillation Searches

New neutrino physics such as oscillations?  
In 1960’s Pontecorvo contemplates ν - ν oscillation and suggests 
that if lepton number is not conserved νe could change into νµ.

1956-2000

Early Reactor ν Experiments

9

Anti-Neutrino Spectrum

(unoscillated)

X-section: precise

calculation, O(1/Mn)
Phys Rev C 24, 1543 (1981)

1.8 MeV inverse !-decay

threshold
Predicted spectrum shown to have good

agreement by earlier reactor experiments

Primary Fissioning Isotopes (representative ratio)
235U:238U:239Pu:241Pu = 0.61:0.13:0.20:0.06

!
e
 Flux: deduced from

measurements of cumulative
daughter "-decay specta.
Phys Lett B 160, 325 (1985)

Phys Lett B 218, 365 (1989)
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Neutrino Oscillation Search with Reactor Antineutrinos
Oscillation Searches at Chooz + Palo Verde: 
 νe → νx 

Absolute measurement with 1 detector

Distance: 1km

νe
νeνe
νeνe

νe

νe

detector size: several tons
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Neutrino Oscillation Search with Reactor Antineutrinos
Oscillation Searches at Chooz + Palo Verde: 
 νe → νx 

Absolute measurement with 1 detector

Distance: 1km

νe
νeνe
νeνe

νe

νe

detector size: several tons

~3000 events in
335 days

2.7% uncertainty

νe + p → e+ + n
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Discovery of Muon Neutrino

1962

Lederman, Schwartz, Steinberger

104 νµ and νµ

20 m

spark chamber 
with Al plates

µ produce nice tracks as they go through the 
chamber (29 events)

e produce showers as they cross Al (0 events) 
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Number of Active Neutrinos
Precision studies of Z-line shape, determine 
number of active light neutrinos 

Each separate (νli)L adds to total Z-width.

From LEP, one finds: 
                   N ν= 2.984 ±0.008
which argues strongly for only having 3 generations
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number of active light neutrinos 
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                   N ν= 2.984 ±0.008
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Search for tau Neutrino

Discovery of τ lepton at SLAC (Martin Pearl, 1975)

 
 
 
 → there should be a corresponding neutrino.

In 1989, indirect evidence for the existence of ντ in measurement of Z-width

 
 
 
 →  no one had directly observed the tau neutrino.

The tau neutrino interact and form a tau that has an 18% probability 
of decaying to

 
 - a muon and two neutrinos (long event)

 
 - an electron and two neutrinos (short event)

86% of all tau decays involve 
only 1 charged particle (a kink) 
which is the particle physicists 
are looking for in DONUT 
experiment
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Discovery of tau Neutrino

2000

An 800 GeV beam of protons from the 
TeVatron collides with a block of 
tungsten

 Ds decay into τ and ντ neutrino
  Ds → ντ + τ 


 
 τ → ντ + X

Experimental Challenges:
- Very short lifetime of the τ.
- ντ is extremely non-interacting  
(detector must have a very fine resolution).

6,000,000 candidate events on tape
4 clean tau events 

τ decay

Detecting a τ Neutrino
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A ντ interacted with a nucleon in a 
steel layer, producing a τ. 

Long tau decay because it decays to one 
charged particle, the electron, and the 
decay vertex occurs several sheets 
downstream from the neutrino interaction 
vertex.
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Neutral Current Discovery (1973)

Major triumph for the 
Standard Model

Gargamelle bubble chamber at CERN 
showing how an invisible neutrino has 
jogged an electron
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“Standard Model” Neutrino Physics

1914 
 Electron Spectrum in β decay is continuous

1930 
 Pauli postulates that a new particle is emitted

1933 
 Fermi names the new particle neutrino and 

 
 introduces four-fermion interaction

1956 
 Reines and Cowan discover the neutrino
1962 
 At least two neutrinos: νe ≠ νµ

1973
 Discovery of neutral currents at CERN
1983 
 Discovery of the W and Z
1989 
 Measurement of Z width at CERN  → Nν=3

2002 
 tau neutrino discovered. 
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Neutrinos in the Standard Model

• 3ν flavors
• upper limits on mν from kinematic studies.
• massless ν (ad hoc assumption in Standard Model)

Discovery of νµ and  ντ  
Accelerator studies of ν 

The Standard Model 
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Particle Properties of the Neutrino

Interactions 
 weak 

 
 (and gravitational) only

Flavors
            3 active flavors

 

Charge

Spin
 
 s=1/2

Type

 
 Dirac 
 
 ν ≠ ν

 
 Majorana
  ν = ν
Mass

 
 mνe < 2 eV from tritium β decay

 
 mνµ < 170 keV from π decay

  
 mντ < 18 MeV from τ decay

?
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Birth of Neutrino Astrophysics

“…to see into the interior of a star and thus verify directly the hypothesis of 
nuclear energy generation in stars...” (Bahcall, 1964)

1938   
 Bethe & Critchfield  

 p + p  →  2H + e+ + νe

1947 
 Pontecorvo,1949 Alvarez 

 propose neutrino detection through 

 37Cl + νe →  37Ar + e-

1960ʼs Ray Davis builds chlorine detector.
John Bahcall, generates first solar 
model calculations and ν flux 
predictions.

Light Element Fusion Reactions
p + p →2H + e+ + νe p + e- + p → 2H + νe

2H + p →3He + γ

3He + p →4He + e+ +νe

3He + 4He →7Be + γ

7Be + e- →7Li + γ +νe

7Li + p → α + α

3He + 3He →4He + 2p

99.75% 0.25%

85% ~15%

0.02%15.07
%

~10-5%

7Be + p →8B + γ

8B → 8Be* + e+ + νe
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Cl-Ar Solar Neutrino Experiment at Homestake

νe + 37Cl→ 37Ar + e-

1970 - 1994
SSM

Davisʼ experiment only sensitive to νe
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What is the Solution?

Experimental Errors?  
 But all experiments show similar effect.

Astrophysics wrong?  
 Perhaps, but even with all fluxes as free parameters, cannot 
 reproduce the data.

  New neutrino physics such as oscillations?  
  In 1968 Pontecorvo suggests that if lepton number 
  is not conserved, νe could change into νµ. 

PMSM < 1.7%  at 95% CL


 
 KMH, Robertson PRL 77:3270 (1996)

Since the Cl-Ar detector was sensitive only to νe, it would
appear that the flux was low.
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The Sudbury Neutrino Observatory



Karsten Heeger, Univ. of Wisconsin NUSS, July 10, 2009 

Even with all solar neutrino fluxes as free parameters, 
cannot reproduce the data. PMSM < 1.7%  at 95% CL 
KMH, Robertson PRL 77:3270 (1996)

The Solar Neutrino Problem and Its Resolution
Too few νe observed from the Sun.

νe
νe
νe

νe
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Even with all solar neutrino fluxes as free parameters, 
cannot reproduce the data. PMSM < 1.7%  at 95% CL 
KMH, Robertson PRL 77:3270 (1996)

The Solar Neutrino Problem and Its Resolution
Too few νe observed from the Sun.
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νe
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Neutral-Current Elastic Scattering Charged-Current

νe+ 0.15 (νµ+ντ) νe
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5.3 σ
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Current (NC)

Elastic 
Scattering (ES)

Charged
Current (CC)

CC shape 
constrained

Neutrino Signal 
(SSM/BP00)

Total Neutrino flux Electron Neutrino flux

Results from SNO, 20022002
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CC shape 
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Results from SNO, 20022002

Model-independent evidence for solar neutrino flavor change

2/3 of initial solar νe are observed at SNO to be νµ,τ
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Neutrino Oscillation

Neutrino States

Time Evolution

€ 

Pi→i = sin2 2θ sin2 1.27Δm2 L
E

 

 
 

 

 
 

First Second First Second

Mass states

Time, t

Weak states

ν1 ν2 νe

νe   cosθ  sinθ
2sinθ cosθ   νµ

νµ

( ) ν2
( )(     )=
ν1
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ν2

νe
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Pontecorvo, 1968

Neutrino Oscillations

6

Illustrate with only two generations

|νa〉 = cos θ|ν1〉 − sin θ|ν2〉
|νb〉 = sin θ|ν1〉+ cos θ|ν2〉

|νa〉 = cos θ|ν1〉 − sin θ|ν2〉
|νb〉 = sin θ|ν1〉+ cos θ|ν2〉

|ν(t)〉 = e−iHt|ν(t = 0)〉

|νa〉 = cos θ|ν1〉 − sin θ|ν2〉
|νb〉 = sin θ|ν1〉+ cos θ|ν2〉

|ν(t)〉 = e−iHt|ν(t = 0)〉

H|ν1〉 = E1|ν1〉 E1 =
(
p2 + m2

1

)1/2

H|ν2〉 = E2|ν2〉 E2 =
(
p2 + m2

2

)1/2

oscillation → energy and 
baseline- dependent effect
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Borexino

vacuum-matter transition in solar 
neutrino oscillation

2009
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Reactor Antineutrinos in Japan

Japanese Reactors
Kashiwazaki

Takahama

Ohi

~ 200 MeV per fission
~ 6 νe per fission

~ 2 x 1020 νe/GWth-secJapan
Kamioka

55 reactors

reactor ν flux ~ 6 x 106/cm2/sec 

Reactor Antineutrinos

235U:238U:239Pu:241Pu = 0.570: 0.078: 0.0295: 0.057
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KamLAND Antineutrino Detector

liquid scintillator target:
- proton rich > 1031 protons
- good light yield

 νe + p → e+ + n

through inverse β-decay 

2

tomultiplier tubes (PMTs) is mounted on the inner surface of

the sphere. A subset of 554 PMTs, referred to as “20-inch

tubes”, are reused from the Kamiokande experiment, while

the remaining 1325 PMTs are a faster version masked to 17

inches. A 3.2-kton cylindrical water-Cherenkov outer detector

(OD), surrounding the containment sphere, provides shielding

and operates as an active cosmic-ray veto detector.

Electron anti-neutrinos are detected via inverse β-decay,
νe + p → e+ + n, with a 1.8MeV threshold. The prompt
scintillation light from the e+ gives a measure of the incident

νe energy, Eνe
" Ep + En + 0.8MeV, where Ep is the

prompt event energy including the positron kinetic and anni-

hilation energy, and En is the average neutron recoil energy,

O(10 keV). The neutron is captured about 200µs mean time
after the prompt event. More than 99% capture on free pro-

tons, resulting in a deuteron and a 2.2MeV γ ray.
KamLAND is surrounded by 55 Japanese nuclear power re-

actor units, each an isotropic νe source. The reactor operation

records, including thermal power generation, fuel burnup, and

exchange and enrichment logs, are provided by a consortium

of Japanese electric power companies. This detailed infor-

mation, combined with publicly available data about the rest

of the world’s reactors, is used to calculate the instantaneous

fission rates using a reactor model [4]. Only four isotopes

contribute significantly to the νe spectra; the ratios of the fis-

sion yields averaged over the entire data taking period are:
235U : 238U : 239Pu : 241Pu= 0.570:0.078: 0.295: 0.057. 90Sr,
106Ru, and 144Ce, are long-lived fission daughters and con-

tribute low-energy neutrinos [5]. The emitted νe energy spec-

trum is calculated from the fission rates using the νe spectra

inferred from Ref. [6], while the spectral uncertainty is evalu-

ated from Ref. [7].

We recently commissioned an “off-axis” calibration system

capable of positioning radioactive sources within 5.5m of the

center of the detector. Multiple measurements of the detector

response at five distances between 2.8m and 5.5m indicate

that the vertex reconstruction systematic effects are radius-

and zenith-angle-dependent, but the vertex-position offsets are

smaller than 3 cm and independent of azimuthal position. The

fiducial volume (FV) is determined with 1.6% uncertainty up

to 5.5m using the off-axis calibration system. The position

distribution of the β-decays of muon-induced 12B/12N inde-

pendently confirm this with 4.0% uncertainty by comparing

the number of events inside 5.5m to the number produced in

the full LS volume. The 12B/12N event ratio is used to es-

tablish the uncertainty between 5.5m and 6m, resulting in a

combined 6-m-radius FV uncertainty of 1.8%.

Off-axis calibration measurements and numerous central-

axis deployments of 60Co, 68Ge, 203Hg, 65Zn, 137Cs,
241Am9Be and 210Po13C radioactive sources were used to es-

tablish the detector reconstruction properties. For the 17-inch

and 20-inch PMTs combined, the vertex reconstruction res-

olution is ∼12 cm/
√

E(MeV) and the energy resolution is

6.5%/
√

E(MeV). The scintillator response is corrected for
non-linear effects from quenching of the scintillation light and

Cherenkov light production. The systematic variation of the

TABLE I: Estimated systematic uncertainties relevant for the neu-

trino oscillation parameters ∆m2
21 and θ12. The total uncertainty on

∆m2
21 is 2.0%, while the total uncertainty on the expected event rate

(and mainly affecting θ12) is 4.1%.

Detector-related (%) Reactor-related (%)

∆m2
21 Energy scale 1.9 νe-spectra [7] 0.6

Event rate

Fiducial volume 1.8 νe-spectra 2.4

Energy threshold 1.5 Reactor power 2.1

Efficiency 0.6 Fuel composition 1.0

Cross section 0.2 Long-lived nuclei 0.3

energy reconstruction over the data-set give an absolute en-

ergy scale uncertainty of 1.4%; the distortion of the E-scale

results in a 1.9% uncertainty on ∆m2
21, while the uncertainty

at the analysis threshold gives a 1.5% uncertainty on the event

rate. Table I summarizes the systematic uncertainties in deter-

mining the neutrino oscillation parameters. The uncertainty

on∆m2
21 is 2.0%, while the uncertainty on the expected event

rate, which primarily affects θ12, is 4.1%.

For the analysis we require 0.9MeV< Ep < 8.5MeV. The
delayed energy Ed must satisfy 1.8MeV< Ed < 2.6MeV
or 4.0MeV< Ed < 5.8MeV, corresponding to the neutron-
capture γ energies for protons and 12C, respectively. The

time difference (∆T ) and distance (∆R) between the prompt
event and delayed neutron capture are selected to be 0.5µs<
∆T < 1000µs and ∆R < 2m. The accidental coincidence
rate rapidly increases near the balloon surface (R= 6.5m),
reducing the signal-to-background ratio. We use constraints

on event characteristics to suppress accidental backgrounds

while maintaining high efficiency. The prompt and delayed

radial distance from the detector center (Rp, Rd) must be less

than 6m. To discriminate signal from background, we con-

struct a probability density function (PDF) for accidental coin-

cidence events, facc(Ed, ∆R, ∆T, Rp, Rd), by pairing events
in a delayed-coincidence window between 10ms and 20 s. A

PDF for the νe signal, fνe
(Ed, ∆R, ∆T, Rp, Rd), is created

by a Monte Carlo simulation of the prompt and delayed events

using the measured neutron capture time (207.5± 2.8µs) and
detector energy resolution. In determining fνe

, we integrate

Ep over the oscillation-free reactor spectrum including a con-

tribution from geo-neutrinos estimated from a geological ref-

erencemodel [8]. A discriminator value,L = fνe

fνe
+facc

, is cal-

culated for each candidate pair that passes the earlier cuts. To

discriminate νe-candidates from accidental-background we

establish a selection value Lcut(Ep) in prompt energy in-
tervals of 0.1MeV optimized for maximal signal sensitivity

(L > Lcut(Ep) for signal-like events). Lcut(Ep) is the
value of L at which the figure-of-merit, S√

S+Bacc

is maximal,

where S and Bacc are the number of signal and accidental-

background events calculated from fνe
and facc, respectively.

The selection efficiency ε(Ep) is estimated from the frac-

tion of selected coincidence events relative to the total gener-

ated in R< 6m in the simulation, see Fig. 1(top). The increas-
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Reactor Neutrino Physics 1956-2003

KamLAND 2003:
First Direct Evidence for Reactor νe Disappearance

Japan

PRL 90:021802 (2003)
Observed νe 54 events
No-Oscillation 86.8 ± 5.6 events 
Background 1 ± 1 events
Livetime:  162.1 ton-yrKamLAND:

Long Baseline
Reactor !e
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Figure 1. Distribution of nuclear power reactors as a function of distance from
the KamLAND site. The solid histogram is the current operation and the dashed
histogram is the expected operation in 2006 (Shika at 88 km increases by a factor
3). The height of the histogram shows the thermal power flux contribution at
Kamioka. Also shown as solid (!m2 = 7×10−5 eV2), dashed (3×10−5) and
dotted (1.4×10−4) lines are the survival probability of ν̄e as a function of distance
(all for sin2 2θ = 0.84). The probability is calculated for events above 2.6 MeV
in visible energy.

In the observation of reactor neutrinos, four fissile nuclei (235U, 239Pu, 238U and 241Pu) are
important and the others contribute only at the 0.1% level. Fission fragments from these nuclei
sequentially β decay and emit anti-electron–neutrinos. The purity of the ‘anti’ neutrinos is very
high and electron–neutrino contamination is only at the 10 ppm level above an inverse β decay
threshold, 1.8 MeV. These four nuclei release similar energy when they undergo fission [15] (235U
201.8 ± 0.5 , 239Pu 210.3 ± 0.6, 238U 205.0 ± 0.7 and 241Pu 212.6 ± 0.7 MeV). Thus, the fission
rate is strongly correlated with the thermal power output that is measurable at much better than 2%
even without any special care. Then, one fission causes about six neutrino emissions on average
and, therefore, the neutrino intensity can be roughly estimated to be ∼2 × 1020 ν̄e GW−1

th s−1.
Fission spectra reach equilibrium within a day above ∼2 MeV. This delay is a possible cause of
systematic error. Also, attention to the long-lived nuclei such as

106Ru
T1/2=372 d
−−−−−→ Rh −−−−−−−−→

Emax=3.541 MeV
Pd,

144Ce
T1/2=285 d
−−−−−→ Pr −−−−−−−−→

Emax=2.996 MeV
Nd

is necessary [16]. They affect the correlation between thermal power and neutrino flux at low-
energy region by <1% level.

The beta spectra from 235U, 239Pu and 241Pu have been measured with a spectrometer
irradiating thermal neutrons at ILL [17]. They fitted the observed beta spectra from 30
hypothetical beta branches and converted each branch to a neutrino spectrum [18]. In the case
of 238U, it does not undergo fission with thermal neutrons and only a theoretical calculation [19]
is available. This calculation traces 744 unstable fission products and obtains the corresponding
neutrino spectrum. The error on the calculated spectrum is larger than the measurement, but it
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Reactor Neutrino Physics 1956-2003

KamLAND 2003:
First Direct Evidence for Reactor νe Disappearance

Japan

PRL 90:021802 (2003)
Observed νe 54 events
No-Oscillation 86.8 ± 5.6 events 
Background 1 ± 1 events
Livetime:  162.1 ton-yrKamLAND:

Long Baseline
Reactor !e
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Figure 1. Distribution of nuclear power reactors as a function of distance from
the KamLAND site. The solid histogram is the current operation and the dashed
histogram is the expected operation in 2006 (Shika at 88 km increases by a factor
3). The height of the histogram shows the thermal power flux contribution at
Kamioka. Also shown as solid (!m2 = 7×10−5 eV2), dashed (3×10−5) and
dotted (1.4×10−4) lines are the survival probability of ν̄e as a function of distance
(all for sin2 2θ = 0.84). The probability is calculated for events above 2.6 MeV
in visible energy.

In the observation of reactor neutrinos, four fissile nuclei (235U, 239Pu, 238U and 241Pu) are
important and the others contribute only at the 0.1% level. Fission fragments from these nuclei
sequentially β decay and emit anti-electron–neutrinos. The purity of the ‘anti’ neutrinos is very
high and electron–neutrino contamination is only at the 10 ppm level above an inverse β decay
threshold, 1.8 MeV. These four nuclei release similar energy when they undergo fission [15] (235U
201.8 ± 0.5 , 239Pu 210.3 ± 0.6, 238U 205.0 ± 0.7 and 241Pu 212.6 ± 0.7 MeV). Thus, the fission
rate is strongly correlated with the thermal power output that is measurable at much better than 2%
even without any special care. Then, one fission causes about six neutrino emissions on average
and, therefore, the neutrino intensity can be roughly estimated to be ∼2 × 1020 ν̄e GW−1

th s−1.
Fission spectra reach equilibrium within a day above ∼2 MeV. This delay is a possible cause of
systematic error. Also, attention to the long-lived nuclei such as

106Ru
T1/2=372 d
−−−−−→ Rh −−−−−−−−→

Emax=3.541 MeV
Pd,

144Ce
T1/2=285 d
−−−−−→ Pr −−−−−−−−→

Emax=2.996 MeV
Nd

is necessary [16]. They affect the correlation between thermal power and neutrino flux at low-
energy region by <1% level.

The beta spectra from 235U, 239Pu and 241Pu have been measured with a spectrometer
irradiating thermal neutrons at ILL [17]. They fitted the observed beta spectra from 30
hypothetical beta branches and converted each branch to a neutrino spectrum [18]. In the case
of 238U, it does not undergo fission with thermal neutrons and only a theoretical calculation [19]
is available. This calculation traces 744 unstable fission products and obtains the corresponding
neutrino spectrum. The error on the calculated spectrum is larger than the measurement, but it
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Figure 1. Distribution of nuclear power reactors as a function of distance from
the KamLAND site. The solid histogram is the current operation and the dashed
histogram is the expected operation in 2006 (Shika at 88 km increases by a factor
3). The height of the histogram shows the thermal power flux contribution at
Kamioka. Also shown as solid (!m2 = 7×10−5 eV2), dashed (3×10−5) and
dotted (1.4×10−4) lines are the survival probability of ν̄e as a function of distance
(all for sin2 2θ = 0.84). The probability is calculated for events above 2.6 MeV
in visible energy.

In the observation of reactor neutrinos, four fissile nuclei (235U, 239Pu, 238U and 241Pu) are
important and the others contribute only at the 0.1% level. Fission fragments from these nuclei
sequentially β decay and emit anti-electron–neutrinos. The purity of the ‘anti’ neutrinos is very
high and electron–neutrino contamination is only at the 10 ppm level above an inverse β decay
threshold, 1.8 MeV. These four nuclei release similar energy when they undergo fission [15] (235U
201.8 ± 0.5 , 239Pu 210.3 ± 0.6, 238U 205.0 ± 0.7 and 241Pu 212.6 ± 0.7 MeV). Thus, the fission
rate is strongly correlated with the thermal power output that is measurable at much better than 2%
even without any special care. Then, one fission causes about six neutrino emissions on average
and, therefore, the neutrino intensity can be roughly estimated to be ∼2 × 1020 ν̄e GW−1

th s−1.
Fission spectra reach equilibrium within a day above ∼2 MeV. This delay is a possible cause of
systematic error. Also, attention to the long-lived nuclei such as

106Ru
T1/2=372 d
−−−−−→ Rh −−−−−−−−→

Emax=3.541 MeV
Pd,

144Ce
T1/2=285 d
−−−−−→ Pr −−−−−−−−→

Emax=2.996 MeV
Nd

is necessary [16]. They affect the correlation between thermal power and neutrino flux at low-
energy region by <1% level.

The beta spectra from 235U, 239Pu and 241Pu have been measured with a spectrometer
irradiating thermal neutrons at ILL [17]. They fitted the observed beta spectra from 30
hypothetical beta branches and converted each branch to a neutrino spectrum [18]. In the case
of 238U, it does not undergo fission with thermal neutrons and only a theoretical calculation [19]
is available. This calculation traces 744 unstable fission products and obtains the corresponding
neutrino spectrum. The error on the calculated spectrum is larger than the measurement, but it
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KamLAND 2008: Precision Measurement of Oscillation

number of events
expected:    2179 ± 89 (syst) 
observed:    1609
bkgd:            276 ± 23.5

significance of distortion: > 5σ
best-fit χ2/ndf=21/16 (18% C.L.) no-osc χ2/ndf=63.9/17

significance of disappearance 
(with 2.6 MeV threshold):    8.5σ

Prompt event energy spectrum for νe  

Spectral Distortions:
 A unique signature of neutrino oscillation!



Karsten Heeger, Univ. of Wisconsin NUSS, July 10, 2009 

KamLAND 2008: Precision Measurement of Oscillation

L0=180km

Solar neutrino problem solved! L/E figure demonstrates ν oscillation.
  
1970-1995    first identified by Ray Davis (missing solar νe)
2002-2008    SNO observes neutrino flavor change, finds evidence for neutrino mass
2003-2008    KamLAND demonstrates ν oscillation, precision measurement of Δm2

L/E Dependence  
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FIG. 2: Allowed region for neutrino oscillation parameters from

KamLAND and solar neutrino experiments. The side-panels show

the ∆χ2-profiles for KamLAND (dashed) and solar experiments

(dotted) individually, as well as the combination of the two (solid).

unbinned data is assessed with a maximum likelihood fit to

two-flavor neutrino oscillation (with θ13 = 0), simultaneously

fitting the geo-neutrino contribution. The method incorporates

the absolute time of the event to account for time variations

in the reactor flux and includes Earth-matter oscillation ef-

fects. The best-fit is shown in Fig. 1. The joint confidence

intervals give ∆m2
21 = 7.58+0.14

−0.13(stat)+0.15
−0.15(syst) × 10−5 eV2

and tan2 θ12 = 0.56+0.10
−0.07(stat)+0.10

−0.06(syst) for tan2 θ12<1. A

scaled reactor spectrum without distortions from neutrino os-

cillation is excluded at more than 5σ. An independent anal-

ysis using cuts similar to Ref. [2] finds ∆m2
21 = 7.66+0.22

−0.20 ×

10−5 eV2 and tan2 θ12 = 0.52+0.16
−0.10.

The allowed contours in the neutrino oscillation parame-

ter space, including ∆χ2-profiles, are shown in Fig. 2. Only

the so-called LMA-I region remains, while other regions

previously allowed by KamLAND at ∼2.2σ are disfavored

at more than 4σ. When considering three-neutrino oscilla-

tion, the KamLAND data give the same result for ∆m2
21,

and a slightly increased uncertainty on θ12. The parame-

ter space can be further constrained by incorporating the re-

sults of SNO [15] and solar flux experiments [16] in a two-

neutrino analysis with KamLAND assuming CPT invariance.

The oscillation parameters from this combined analysis are

∆m2
21 = 7.59+0.21

−0.21 × 10−5 eV2 and tan2 θ12 = 0.47+0.06
−0.05.

In order to assess the number of geo-neutrinos, we fit the

normalization of the νe energy spectrum from the U and Th-

decay chains simultaneously with the neutrino oscillation pa-

rameter estimation using the KamLAND and solar data; see

Fig. 3. The time of the event gives additional discrimination

power since the reactor contribution varies. The fit yields 25

and 36 detected geo-neutrino events from the U and Th-decay

chains, respectively, but there is a strong anti-correlation. Fix-
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FIG. 3: The low-energy region of the νe spectrum relevant for geo-

neutrinos. The main panel shows the data with the fitted back-

ground and geo-neutrino contributions; the upper panel compares

the background and reactor-νe-subtracted data to the number of geo-

neutrinos for the decay chains of U (dashed) and Th (dotted) calcu-

lated from a geological reference model [8].
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FIG. 4: Ratio of the background and geo-neutrino subtracted νe

spectrum to the expectation for no-oscillation as a function of

L0/E. L0 is the effective baseline taken as a flux-weighted aver-

age (L0 = 180 km); the energy bins are equal probability bins of the

best-fit including all backgrounds (see Fig. 1). The histogram and

curve show the expectation accounting for the distances to the indi-

vidual reactors, time-dependent flux variations and efficiencies. The

error bars are statistical and do not include correlated systematic un-

certainties in the energy scale.

ing the Th/U mass ratio to 3.9 from planetary data [17], we

obtain a combined U+Th best-fit value of 73± 27 events cor-

responding to a flux of (4.4± 1.6)×106 cm−2s−1, in agree-

ment with the geological reference model.

The KamLAND data, together with the solar ν data, set an

upper limit of 6.2 TW (90% C.L.) for a νe reactor source at the

Earth’s center, assuming that the reactor produces a spectrum

identical to that of a slow neutron artificial reactor.

The ratio of the background-subtractedνe candidate events,

including the subtraction of geo-neutrinos, to the expectation

assuming no neutrino oscillation is plotted in Fig. 4 as a func-

tion of L0/E. The spectrum indicates almost two cycles of the
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1980s & 1990s - Reactor neutrino flux 
measurements in U.S. and Europe 

1995 - Nobel Prize to Fred Reines at UC Irvine

2003 - First observation of reactor 
antineutrino disappearance

Next - Discovery and 
precision measurement 
of θ13 

1956 - First observation 
of (anti)neutrinos

Past Reactor Experiments
Hanford
Savannah River
ILL, France
Bugey, France
Rovno, Russia
Goesgen, Switzerland
Krasnoyark, Russia
Palo Verde
Chooz, France

Neutrino Physics at Reactors

2004 - Evidence for 
spectral distortion

2008 - Precision measurement of 
Δm122 . Evidence for oscillation

KamLAND

Chooz

Savannah River

Chooz

Daya Bay
Double Chooz
Reno
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Atmospheric Neutrino Studies
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Atmospheric Neutrino Studies
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Super-Kamiokande

Atmospheric Neutrino Studies
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Super-Kamiokande

Atmospheric Neutrino Studies
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Super-Kamiokande

Atmospheric Neutrino Studies
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Atmospheric Neutrino Flavor Change

evidence for νμ disappearance: zenith-angle 
dependence 

Super-K

1998

Δm2 = 2.5x10-3 eV2 ≠ 0 → at least 1 mν ≠ 0
Mixing angle is quite large (θ ~ 45°)
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Precision Science with Accelerator ν

Minos
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Precision Science with Accelerator ν
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A Decade of Discovery: 1998 - 2008
Atmospheric 
(Super-K)

Accelerator  
(K2K)

Reactor  
(KamLAND)

Solar  
(SNO)
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A Decade of Discovery: 1998 - 2008

Super-K:
atmospheric νμ neutrino oscillation

K2K:
accelerator νμ oscillation

SNO:    
solar νe  flavor transformation

KamLAND: 
reactor νe disappearance and 
oscillation

Atmospheric 
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Accelerator  
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Reactor  
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A Decade of Discovery: 1998 - 2008

Super-K:
atmospheric νμ neutrino oscillation

K2K:
accelerator νμ oscillation

SNO:    
solar νe  flavor transformation

KamLAND: 
reactor νe disappearance and 
oscillation

Atmospheric 
(Super-K)

Accelerator  
(K2K)

Reactor  
(KamLAND)

Solar  
(SNO)

νµ ⇔ ντ

νe ⇔ νµ,τ



Karsten Heeger, Univ. of Wisconsin NUSS, July 10, 2009 

Experimental Indications for Neutrino Oscillations

Atmospheric Neutrinos
   L = 15 - 15,000 km
   E = 300 - 2000 MeV

Solar Neutrinos
   L = 108 km
   E = 0.3 to 3 MeV

Δm2 = ~ 5 × 10-5 eV2 
ProbOSC = ~100%

Δm2 = ~ 3 × 10-3 eV2

 ProbOSC = ~100%

→ →



Karsten Heeger, Univ. of Wisconsin NUSS, July 10, 2009 

Experimental Indications for Neutrino Oscillations

Atmospheric Neutrinos
   L = 15 - 15,000 km
   E = 300 - 2000 MeV

Solar Neutrinos
   L = 108 km
   E = 0.3 to 3 MeV

Δm2 = ~ 5 × 10-5 eV2 
ProbOSC = ~100%

Δm2 = ~ 3 × 10-3 eV2

 ProbOSC = ~100%

LSND Experiment
   L = 30m   
   E = ~40 MeV

Δm2 = 0.3 to 3 eV2 
ProbOSC = 0.3 % 

→ → →
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LSND took data from 1993-98
  - 49,000 Coulombs of protons
  - L = 30m and 20 < Eν< 53 MeV 

LSND Experiment

Saw an excess of:
87.9 ± 22.4 ± 6.0 events.

With an oscillation probability of 
(0.264 ± 0.067 ± 0.045)%.

3.8 σ evidence for oscillation.

Oscillations?

→
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Other oscillations? Sterile Neutrinos? 

νµ ⇒ ντ

νe ⇒ νµ,τ
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Other oscillations? Sterile Neutrinos? 

νµ ⇒ ντ

νe ⇒ νµ,τ

LSNDνµ ⇒ νe ?
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Other oscillations? Sterile Neutrinos? 

νµ ⇒ ντ

νe ⇒ νµ,τ

LSNDνµ ⇒ νe ?

Cannot be explained 
by 3 active neutrinos!
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MiniBoone

- 1 GeV neutrinos
(Booster)
- 800 ton oil Cerenkov
- operating since 2003
- νµ −> νe appearance

null hypothesis: 
93% CL

νµ −> νe appearance only 
analysis is a limit on oscillation
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Historical Lessons

- how did we make the discoveries? 
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Historical Lessons

- how did we make the discoveries? 

#1 persistence
#2 data “anomalies”, the unforeseen
#3 theorists arenʼt (always) right
#4 unique, model-independent measurements
#5 big steps vs incremental improvements
#6 and a little bit of luck ... in detecting a supernova 
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#1 persistence

SSM

Davisʼ experiment only sensitive to νe
1970-1995
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#2 “anomalies”

Solar Neutrino Problem

Atmospheric 
Neutrino Anomaly
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#2 “anomalies”

Solar Neutrino Problem

Atmospheric 
Neutrino Anomaly

Low-Energy Excess in MiniBoone?
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#3 theorists arenʼt (always) right ...

pre 2002quark mixing

neutrino mixing
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#3 theorists arenʼt (always) right ...

“Oscillation mixing angles must be small 
   
like the quark mixing angles”

“Atmospheric neutrino anomaly must be 
  
other physics or experimental problem
because it needs such a large mixing angle”

“Natural scale for Δm2 ~ 10 – 100 eV2 
   
since needed to explain dark matter”

“LSND result doesnʼt fit in so must not 
 
  
be an oscillation signal”
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#3 theorists arenʼt (always) right ...

“Oscillation mixing angles must be small 
   
like the quark mixing angles”

“Atmospheric neutrino anomaly must be 
  
other physics or experimental problem
because it needs such a large mixing angle”

“Natural scale for Δm2 ~ 10 – 100 eV2 
   
since needed to explain dark matter”

“LSND result doesnʼt fit in so must not 
 
  
be an oscillation signal”

Wrong 

Wrong

Wrong

???
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#4 unique, model-independent measurements

Charged-Current (CC)

νe+d → e-+p+p

Neutral-Current (NC) 

νx+d → νx+n+p 


a pure νe source a νx detector

• eliminate model-dependent assumptions and interpretation
• physics result independent of Monte Carlo
• any result from SNO would have been interesting: win-win situation!
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#5 taking big steps

baseline:  1 km 180 km

size: 5 ton 1000 ton
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FIG. 2: Allowed region for neutrino oscillation parameters from

KamLAND and solar neutrino experiments. The side-panels show

the ∆χ2-profiles for KamLAND (dashed) and solar experiments

(dotted) individually, as well as the combination of the two (solid).

unbinned data is assessed with a maximum likelihood fit to

two-flavor neutrino oscillation (with θ13 = 0), simultaneously

fitting the geo-neutrino contribution. The method incorporates

the absolute time of the event to account for time variations

in the reactor flux and includes Earth-matter oscillation ef-

fects. The best-fit is shown in Fig. 1. The joint confidence

intervals give ∆m2
21 = 7.58+0.14

−0.13(stat)+0.15
−0.15(syst) × 10−5 eV2

and tan2 θ12 = 0.56+0.10
−0.07(stat)+0.10

−0.06(syst) for tan2 θ12<1. A

scaled reactor spectrum without distortions from neutrino os-

cillation is excluded at more than 5σ. An independent anal-

ysis using cuts similar to Ref. [2] finds ∆m2
21 = 7.66+0.22

−0.20 ×

10−5 eV2 and tan2 θ12 = 0.52+0.16
−0.10.

The allowed contours in the neutrino oscillation parame-

ter space, including ∆χ2-profiles, are shown in Fig. 2. Only

the so-called LMA-I region remains, while other regions

previously allowed by KamLAND at ∼2.2σ are disfavored

at more than 4σ. When considering three-neutrino oscilla-

tion, the KamLAND data give the same result for ∆m2
21,

and a slightly increased uncertainty on θ12. The parame-

ter space can be further constrained by incorporating the re-

sults of SNO [15] and solar flux experiments [16] in a two-

neutrino analysis with KamLAND assuming CPT invariance.

The oscillation parameters from this combined analysis are

∆m2
21 = 7.59+0.21

−0.21 × 10−5 eV2 and tan2 θ12 = 0.47+0.06
−0.05.

In order to assess the number of geo-neutrinos, we fit the

normalization of the νe energy spectrum from the U and Th-

decay chains simultaneously with the neutrino oscillation pa-

rameter estimation using the KamLAND and solar data; see

Fig. 3. The time of the event gives additional discrimination

power since the reactor contribution varies. The fit yields 25

and 36 detected geo-neutrino events from the U and Th-decay

chains, respectively, but there is a strong anti-correlation. Fix-
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FIG. 3: The low-energy region of the νe spectrum relevant for geo-

neutrinos. The main panel shows the data with the fitted back-

ground and geo-neutrino contributions; the upper panel compares

the background and reactor-νe-subtracted data to the number of geo-

neutrinos for the decay chains of U (dashed) and Th (dotted) calcu-

lated from a geological reference model [8].
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spectrum to the expectation for no-oscillation as a function of

L0/E. L0 is the effective baseline taken as a flux-weighted aver-

age (L0 = 180 km); the energy bins are equal probability bins of the

best-fit including all backgrounds (see Fig. 1). The histogram and

curve show the expectation accounting for the distances to the indi-

vidual reactors, time-dependent flux variations and efficiencies. The

error bars are statistical and do not include correlated systematic un-

certainties in the energy scale.

ing the Th/U mass ratio to 3.9 from planetary data [17], we

obtain a combined U+Th best-fit value of 73± 27 events cor-

responding to a flux of (4.4± 1.6)×106 cm−2s−1, in agree-

ment with the geological reference model.

The KamLAND data, together with the solar ν data, set an

upper limit of 6.2 TW (90% C.L.) for a νe reactor source at the

Earth’s center, assuming that the reactor produces a spectrum

identical to that of a slow neutron artificial reactor.

The ratio of the background-subtractedνe candidate events,

including the subtraction of geo-neutrinos, to the expectation

assuming no neutrino oscillation is plotted in Fig. 4 as a func-

tion of L0/E. The spectrum indicates almost two cycles of the
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Supernova 1987A

Nobel Prize for the Detection of Cosmic Neutrinos

#6 and a little bit of luck...in detecting a SN

Kamiokande was ready to seize the opportunity
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Future Efforts 

- from discoveries to precision studies, picking the best 
tools at hand 

- what are the future directions of neutrino physics?

- neutrinos in particle/astrophysics
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What we know...

normal inverted

Neutrino Mass Splitting



Karsten Heeger, Univ. of Wisconsin NUSS, July 10, 2009 

What we know...

normal inverted

Neutrino Mass Splitting
KamLAND 2008

• KamLAND provides most precise value of Δm122  (~2.8%) 
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responding to a flux of (4.4± 1.6)×106 cm−2s−1, in agree-

ment with the geological reference model.

The KamLAND data, together with the solar ν data, set an

upper limit of 6.2 TW (90% C.L.) for a νe reactor source at the

Earth’s center, assuming that the reactor produces a spectrum

identical to that of a slow neutron artificial reactor.

The ratio of the background-subtractedνe candidate events,

including the subtraction of geo-neutrinos, to the expectation

assuming no neutrino oscillation is plotted in Fig. 4 as a func-

tion of L0/E. The spectrum indicates almost two cycles of the
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atmospheric, K2K reactor and accelerator 0νββSNO, solar SK, KamLAND

θ12 ~ 32° θ23 = ~ 45°  θ13 = ? 
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Open Questions
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Is there µ−τ  symmetry in 
neutrino mixing?

Is there leptonic CPV?

What is mass hierarchy?

Do neutrinos have Majorana 
mass?

What is the absolute mass 
scale?

What is the role of neutrinos 
in the Universe?

Questions
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Open Questions

Is there µ−τ  symmetry in 
neutrino mixing?

Is there leptonic CPV?

What is mass hierarchy?

Do neutrinos have Majorana 
mass?

What is the absolute mass 
scale?

What is the role of neutrinos 
in the Universe?

Questions
The Tools

reactor & accelerator 
experiments

search for 0νββ
 
β-decay experiments

astrophysics & 
cosmology



Karsten Heeger, Univ. of Wisconsin NUSS, July 10, 2009 

High Energy Cosmic Neutrinos

Geo Neutrinos

Atmospheric 
Neutrinos

Accelerator&Reactor
Neutrinos

Supernova Neutrinos

Solar Neutrinos

~330 neutrinos per cm3

0.5 proton per cm3

Neutrinos from the Big Bang

Neutrino Sources
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Neutrino Energies

Big-Bang neutrinos ~ 0.0004 eV 

Neutrinos from the Sun 
< 20 MeV
depending of their origin.

Neutrinos from accelerators   up to GeV (109 eV) 

Antineutrinos from nuclear 
reactors      < 10.0 MeV

Atmospheric neutrinos
 ~ GeV
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A World of Neutrino Detectors
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accelerator (νe appearance)

Reactor and Accelerator Experiments
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- No matter effects

reactor (νe disappearance)
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Precision Measurement of Mixing with Reactor ν 

Search for θ13 in new oscillation experiment with multiple detectors

~1-1.8 km

> 0.1 km
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Accelerator Experiments (NOvA, T2K etc)

- νe appearance
- long baselines, off-axis
- matter effects

Long Baseline Accelerator Experiments
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Future Neutrino Oscillation Experiments

R&D in US, Europe, and Japan
Ultimate oscillation experiment by 2020?

Large Detectors and Long Baselines
- search for CP violation with neutrino beam
- ν mass hierachy
- proton decay (1034 yrs→1035 yrs)
- astrophysics
- atm ν, geo ν
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India Neutrino Observatory (INO)

Mass:  50 kTon
Size : 48 m (x) ×16m (y) ×12 m (z)
          140 layers of 6 cm thick iron
   with 2.5 cm gap for active elements

Magnetic field ~ 1 Tesla 
 along   y-direction

magnetized iron calorimeter

A Next-Generation Atmospheric Neutrino Experiment
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The Next Frontier in Neutrino Physics

2ν mode: conventional 2nd order 
process in nuclear physics

0ν mode: hypothetical process only if 

Mν ≠ 0  AND ν = ν 

Search for 0νββ

€ 

Γ2ν =G2ν |M2ν |
2

€ 

Γ0ν =G0ν |M0ν |
2 mββ

2

G are phase space factors

  G0ν ~ Q5

search for 0νββ is the only 
feasible method we know to 
establish the Majorana  
nature of neutrinos!
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“neutrinos are the most abundant particles 
in the Universe besides photons”

Neutrinos in the Universe
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Neutrinos and the Universe
very early universe |  big bang nucleosynthesis | CMB | late time structure formation 

large-scale structureWMAP

CMBmatter-antimatter ratio large-scale structure
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Future Cosmological Constraints on Σmν

Cosmology probes important  
aspects of particle physics:
- Neutrino mass 
- Dark energy equation of state

Partial degeneracy between mν, ω
(neutrino mass states and dark energy 
equation)
→ cross-correlate CMB and LSS, weak 
lensing, BAO measurements

Planck + LSST-like lensing survey survey 
 ⇒ σ(Σmν)≤ 0.05 eV 

 → probes difference between normal and inverted hierarchy

Ref: astr-ph/0603019
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Ref: G. Raffelt

SN 1987A

“without neutrinos dying stars 
would not explode”

no oscillations
oscillations in SN envelope
Earth effects included

Neutrinos and Supernovae
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c

Neutrinos and Supernovae

neutrino oscillation effects on 
supernova light-element synthesis

Astrophys.J.649:319-331,2006“neutrinos helped cook the light 
elements in the Universe”
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Interdependencies/Redundancies of Experiments

Need all types of experiments & observations

absolute 
mass scale

Majorana 
Nature

Hierarchy θ13 δCP αʼs

β-decay
✔

0νββ -decay
✔ ✔ ✔

reactor
✔

accelerator
✔ ✔ ✔

atmospheric (✔)
astrophysics
/cosmology ✔ (✔) (✔)
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Some Concluding Thoughts
- Last 10 years have been the decade of discovery in 
neutrino physics. Neutrino physics has demonstrated 
physics beyond the Standard Model.

- Neutrino physics is transitioning from a discovery to a 
precision science. Reactor and accelerator experiments will 
play a critical role in precision studies (solar and 
atmospheric may help). 
 
- A rich program of neutrino experiments is underway to 
understand neutrino properties.

- Neutrinos are important in many astrophysical processes, 
and astrophysics/cosmology may help us understand the 
particle nature of neutrinos  


